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Abstract: A stagnation flow reactor has been designed and characterized for both experimental and
modeling studies of single-crystal model catalysts in heterogeneous catalysis. Using CO oxidation over
a Pd(100) single crystal as a showcase, we have employed planar laser-induced fluorescence (PLIF) to
visualize the CO2 distribution over the catalyst under reaction conditions and subsequently used the
2D spatially resolved gas phase data to characterize the stagnation flow reactor. From a comparison
of the experimental data and the stagnation flow model, it was found that characteristic stagnation
flow can be achieved with the reactor. Furthermore, the combined stagnation flow/PLIF/modeling
approach makes it possible to estimate the turnover frequency (TOF) of the catalytic surface from
the measured CO2 concentration profiles above the surface and to predict the CO2, CO and O2
concentrations at the surface under reaction conditions.
Keywords: planar laser-induced fluorescence; stagnation flow; CO oxidation; Pd(100)
1. Introduction
Most of our atomic-scale understanding of heterogeneous catalysis stems from surface science
experiments performed under well-controlled conditions, i.e., at low temperatures and at ultra-high
vacuum (UHV). These conditions differ greatly from those in industrial catalysis. The awareness
of the so-called “pressure gap” has in recent years resulted in an increasing number of in situ
surface sensitive techniques targeting at more realistic gas conditions [1,2]. Prominent examples
are near-ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) [3–5], high-pressure scanning
tunneling microscopy/atomic force microscopy (HPSTM/AFM) [6,7], polarization-modulated infrared
absorption spectroscopy (PM-IRAS) [8,9], and surface X-ray diffraction (SXRD) [10,11].
As the pressure increases, the gas phase above a catalyst surface starts to play a complex role [12].
In semi-realistic conditions, the gas phase transport is not ballistic anymore and a product boundary
layer (BL) might form above the catalyst, hindering the reactants from efficiently reaching the catalytic
surface. As a consequence, the gas concentrations at the catalyst surface might differ significantly
from the ones applied at the inlet, depending on the activity of the catalyst [13–15]. This coupling of
surface chemistry and gas transport not only has a quantitative effect, but qualitatively new features
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might arise, such as hysteresis or strong lateral variation of the reaction conditions and concomitant
reactivity and surface atomic structure [15,16]. Experimentally, the latter has been observed for the
CO oxidation on a Pd(100) surface, where it has been shown that a gradient of the gas concentrations
across the surface can lead to a gradient of the surface optical reflectivity, a strong indication of spatial
inhomogeneity of oxide thickness or roughness on the surface [17,18]. For a better understanding of
the surface chemistry or the catalytic processes at realistic gas conditions, knowledge of the effect of
flow and reactor geometries on model catalysts becomes important [16,19].
Conventional methods to acquire gas phase data include mass spectrometry (MS) and Fourier
transform infrared spectrometry (FTIR). However, neither can spatially probe the gas phase close to
the sample in an easy manner. With a scanning mass spectrometer, one can spatially sample the gas
phase above the sample with a capillary [20]. This would, however, inherently affect the gas flow and
temperature above the sample. Conventional FTIR can be modified to spatially measure the gas phase
above a catalyst [21]. It is, however, a line-of-sight technique, and thus not able to resolve the gas phase
in all dimensions. In this context, planar laser-induced fluorescence (PLIF) is a valuable technique that
can provide 2D spatially resolved gas phase information, non-intrusively and with a spatial resolution
down to 70 µm [22–24].
Ideally, gas phase measurements are complemented with a theoretical/computational analysis of
the coupling of gas flow and catalytic activity, e.g., by the recently developed combined first-principles
kinetic Monte Carlo (1p-kmc) and computational fluid dynamics (CFD) approach [25]. With this
combination, the maximum insight into the surface chemistry can be gained [26].
In general geometries, CFD might become prohibitively expensive, especially when targeting for
the elucidation of the pressure/reactivity correlation, which would require solving the inverse problem.
For the use of single-crystal model catalysts, stagnation flow reactors are especially appealing, as they
ensure a highly homogeneous gas phase distribution across the catalyst. If properly designed, the
transport can be modeled by a simple one-dimensional boundary value problem, allowing for an
efficient numerical treatment [27,28].
In this work, we present our attempts to realize combined PLIF/stagnation flow experiments for
gas phase studies of single-crystal model catalysts and demonstrate their capabilities on the prototypical
CO oxidation over a Pd(100) surface. We have used PLIF to spatially resolve the CO2 concentration
distribution above the catalyst under reaction conditions. With a stagnation flow model, we extract
the turnover of frequency (TOF), i.e., the rate of CO conversion per unit surface area, of the catalyst
surface from the measured concentration of CO2 above the surface. We then use this value of the TOF
to predict the concentrations of CO2, CO, and O2 at the catalyst surface.
2. Experimental Study
2.1. Reactor Chamber
A schematic of our setup is shown in Figure 1. A cubical chamber of 23 mL volume with three
windows for optical access was used for the PLIF measurements. The sample used for this study is a
hat-shaped Pd single crystal with a diameter of 6 mm, a height of 2 mm, and with the (100) surface
orientation. A pipe is positioned above the sample from the top of the chamber and used as the gas
inlet, which allows for a gas stream towards the sample surface, as shown in Figure 1b. The distance
between the pipe and the sample surface is ~5.5 mm. The sample was supported and heated by a
boralectric heater and, the temperature was measured by a type-D thermocouple.
The inlet gas flow of each species was set by individual mass flow controllers (Bronkhorst
EL-FLOW, Bronkhorst High-Tech B.V., Ruurlo, The Netherlands), and the gas pressure in the reactor
was controlled by a digital pressure controller (Bronkhorst EL-PRESS) at the gas outlet. In addition to
PLIF, the gas composition in the reactor was measured by a quadruple mass spectrometer (MS, Pfeiffer,
QME 220, Pfeiffer Vacuum GmbH, Asslar, Germany) connected to the outlet of the reactor by a gas tube
(length = 80 cm and diameter = 1/16 in). An automatic leak valve was used to regulate the amount of
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gas from the outlet leaking into the MS for analysis, and to stabilize the pressure in the MS at 5 × 10–6
mbar. A more complete description of the gas system can be found in [29]. The MS signal is converted
into mbar by normalizing the MS CO signal to the known initial partial pressure, and the MS CO2
signal was scaled to match the measured conversion of CO.
In a stagnation flow, the gas transport in the central region above the catalyst can be modeled
using the stagnation flow equations, when the diameters of the catalyst surface and the inlet are large
compared to the distance between the inlet and the catalyst [27]. In this work, the diameters of the
single crystal sample and the inlet are 6 mm and 7 mm, respectively, which are similar to the distance
between the inlet and catalyst. The deviation from the ideal case has been considered in our modeling,
and we found that the necessary modifications to the model for the ideal case are rather small, such
that the computational efficiency is not affected and the parameters needed for the modified model can
efficiently be determined from the measured PLIF signal.
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background. The PLIF signal can be reliably estimated from ~300 µm above the sample surface, limited
by the alignment of the sample with respect to the camera and the imaging system of the current setup,
which gives a ~70 µm/pixel resolution. Quantification of the detected PLIF signal was achieved by
calibration measurements with known CO2 partial pressures at similar conditions (temperatures and
pressures) to real measurements. Due to the lack of a reference cell in the current setup, which can be
used to compensate for wavelength drifting and energy fluctuation of the laser [23], the calibration of
the CO2 signal has an estimated uncertainty of ~20%.
2.3. CO2 Visualization
For the measurements, the Pd(100) sample was first cleaned in a UHV chamber with several
sputtering and annealing cycles, and then transferred, through open air, to the stagnation flow reactor
for measurements. To reduce surface contamination from transferring the sample, the temperature
of the sample was ramped up and down under CO oxidation reaction conditions with an excess of
O2, prior to the start of the measurements. The sample temperature was monitored using a type
D thermocouple attached to the edge of the heater, which has been calibrated using thermographic
phosphors to correspond to the actual sample surface temperature.
As an example, we considered an inlet gas mixture with 92% Ar, 4% CO, and 4% O2 at a total
pressure of 300 mbar and a total flow of 200 mLn/min. We ramped the temperature up and down
between room temperature and 360 ◦C at a rate of 10.5 ◦C/min, which ensured quasi-stationary flows.
The PLIF images in Figure 2a–c are taken during the increase of the temperature, and reveal that the
sample activity has gone through three phases: i) the whole sample is in the low activity regime; ii) the
sides (here referred to the rest of the sample) of the sample are highly active (indicated by the red
arrow in Figure 2b), while the (100) surface is still in the low activity regime; iii) the whole sample is
highly active. During the temperature ramp-down, the sample has gone through the three phases
in the opposite direction, as shown by the PLIF images in Figure 2d–f. See also Movies M1 and M2
showing the CO2 PLIF measurements during the up and down temperature ramps, respectively. By
integrating the region ~0.3 mm above the catalyst surface (the dashed line in Figure 2a), we obtain the
CO2 LIF signal trends for both the up and down branches, as shown in Figure 2g. It is worth noting
that the CO2 intensity reaches a plateau at phase iii and does not increase further with increasing
temperature, indicating a mass transfer limited (MTL) reaction at the surface. By comparing the LIF
signal in Figure 2g with the MS signal in Figure 2h, the CO2 pressure close to the catalyst surface
measured by PLIF is significantly higher than that measured by the MS, by a factor of 2. In addition,
there are no obvious steps in the LIF trends, while there are distinct steps in the MS trends, arising from
the ignition of the sides of the sample. This demonstrates that PLIF can measure a well-defined CO2
signal generated from the (100) surface, which is not or only marginally affected by the signal generated
from the sides of the sample. This is due to the feature of the stagnation flow, where the gas is pushed
away from the central region above the catalyst, such that activity originating from the downstream
part of the sample does not influence the gas composition over the center of the investigated catalyst
surface. It is also interesting to see that the first step in the MS trend, corresponding to the activity of
the sides, is much larger than the second step originating from the (100) surface. This could be due to
the flow geometry. However, the strong signal generated from the sides has very little impact on the
PLIF signal from the center of the sample. Thanks to this characteristic, the PLIF signal is well suited to
characterize the reactor for a comparison with the stagnation flow model, as will be presented below.
The case with a non-stagnation flow geometry can be found in the supplementary information,
which shows that the active sides of a Pd(111) sample can contribute significantly to the CO2 signal
in the vicinity of the (111) surface. This has practical implications as single crystals are being widely
used in in situ or operando catalysis studies, and they are in practice manufactured to have grooves
or to be hat-shaped for easy-to-hold purposes. This could introduce undefined catalytic surfaces,
which are often exposed to the same gas environment as the well-defined catalytic surface that is
under investigation. If both are equally active, as in the cases shown above, it would be difficult
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to avoid the resulting interference using prototypical flow reactor geometries, leading to a poorly
defined correlation in structure-function analysis. To overcome this problem, the presented combined
stagnation flow with PLIF approach could serve as a useful alternative.Catalysts 2019, 9, x FOR PEER REVIEW 5 of 11 
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Yj = 0, (1)
with (boundary conditions at inlet)
Yi(z = L) = Yinl.,i, (2)







Yj(z = 0) = νimiTOF, (3)
where the indices i,j differentiate the species, ρ is the mass density and vz is the axial velocity, both
depending on the normal distance z to the catalyst, νi is the stoichiometric coefficient, mi is the
molecular mass, and TOF is the turn over frequency in units of reactions per unit time and unit area.
For Equation (1), we assume stationary operation and negligible gas phase chemical reactions. The
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inlet mass fractions Yinl.,i are given from the applied gas phase composition. The second boundary
condition at z = 0 (the position of the catalyst) accounts for the chemical conversion due to the catalyst.
The diffusion coefficients Dij and other transports as well as thermochemical properties of the gas
phase are taken to obey the commonly employed semi-empirical correlations [27]. As we are operating
at a large excess of Ar and rather low velocities, the density ρ, the temperature T, the axial velocity vz
and the diffusivities Dij can be assumed to be independent of the actual reactivity. Equation (1) is then







are independent of the employed catalyst and depend only on the characteristics of the reaction
chamber and the flow conditions. Because of this property, these quantities are especially suited to
test our model for the mass transport. The integration can be done between any two points along the
z-axis for which the integral does not equal zero.
The solutions to Equations (1)-(3) require the velocity and temperature fields as an input.
In principle, these could be obtained from a non-reactive CFD for the whole chamber [34]. However,
besides being computationally demanding, this would require boundary conditions for the temperature
at the reactor walls, to which we have no access. Instead, we will infer the relevant information from
the measured NPP of CO2. We constrain vz(z) and T(z) to obey the ideal stagnation flow equations,
but with the boundary conditions at the inlet for these fields as adjustable parameter. The reason for
this choice is as follows: Only within a rather thin BL above the catalyst, we have a deviation from
the applied concentrations. As the BL is small compared to the catalyst diameter, the ideal stagnation
flow equations will be a good approximation there. By adjusting the boundary conditions for the
velocity and temperature field, we can now realize any solution to the stagnation flow equation within
the BL. Outside the BL, the stagnation flow equations are not valid and therefore the velocity and
temperature fields might be wrong. However, as the concentration gradients vanish there, this does
not matter as Equation (1) is automatically fulfilled. In practice, we observed that variation of the
inlet temperature has only a minor effect on the shape of the NPP and that we can reproduce the
experimental signal sufficiently accurately by leaving the inlet radial velocity at its nominal value
of zero and only increasing the axial velocity by a factor of 2 from its nominal value, defined by the
applied flow rate of 200 mLn/min.
The axial inlet velocity, as an input for the modeling, is determined by solving the reactive
stagnation flow equations, i.e., Equations (1)–(3) together with corresponding equations for the velocity
and the temperature, at a constant low TOF and adjusting its value to reproduce the experimental NPP.
Our approach to solve the stagnation flow equations and the employed thermochemical and transport
models can be found in [19]. Due to the linearity of Equation (1), the actual TOF responsible for the
experimental signal can conveniently be determined from the TOF used for the simulation and the
ratio of the denominators in the experimental and simulated NPPs. A more detailed description of the
modeling can be found in the supplementary materials.
4. Results and Discussion
Figure 3 compares the experimental CO2 NPPs (crosses) and the simulated CO2 NPPs (solid lines)
in the central region along the z-axis between the inlet and the sample surface, for a range of catalyst
temperatures from the up and down branches, shown in Figure 2g. The nominal inlet velocity has been
increased by a factor of 1.9 and 1.8 for the up and down branches, respectively. Although the stagnation
flow equation is expected to be valid in the BL, the inlet velocity parameters in principle need to be
adjusted for every single case, as the flow field above the BL might depend on uncontrolled aspects of
the experiment such as the temperature distribution of the reactor walls. For simplicity’s sake, we have
used only the two different values for the inlet velocity for the up and down branches and their values
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have been chosen to give the best visual agreement between the simulated and experimental NPPs.
The larger values for the effective inlet velocity can be rationalized as follows: In contrast to the ideal
case with a quasi-infinite surface, the gas can flow around the catalyst before reaching the surface and
thus the boundary layer must be thinner. This corresponds to higher inlet velocities, which compress
the boundary layer.
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a good stagnation flow in the reacto . As can be seen in Figure 3, the curves in both ranches show a
small systematic disagreement at lower temperatures. This is because the sample is not highly active
at lower temperatures, thu producing only a small mount of CO2 (less than 0.5 mb r, compared to
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can the be used to predict the gas concentrations at the surf ce. Figure 5 shows the partial pressures of
CO2, CO, and O2 at the surface as a function of temperature for the up nd down branches. As can be
seen, the CO and O2 par ial pressures decrease as the CO2 pressure incr ases. As one might expect, the
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The results in this and the previous sections demonstrate the benefits of the employed stagnation
flow reactor co bined with PLIF measurem nts. The flow geom try nsur s a highly uniform
gas phase across the catalyst surface and PLIF allows us to spatially probe the gas phase close to the
surface. The combined features of stagnation flow and PLIF make it possible to measure th ignal,
wh ch is only from the activity of the surface under study a does not contain any contam ations
from the activity of other parts of the catalyst—as is, for in ance, the case for an MS signal measured
at the outlet of the reactor. Moreover, these features allow us to use a simple one-dimensional model,
and the spatial resolution of the PLIF measurem nts allows s to adjust the flow p rame ers of the
mod l. With is odel, we can extract the TOF and thereby parti l pressures at the surface without
the need for a kinetic mo el of the catalyst or a ull CFD model of the reactor. The approach also
gives us the pos ibility to se smaller samples, which is mo e economical, especially for single-crystal
m asurement . It should be ntioned that this kinetic model-free analysis has some limitations. First,
gas phase reactions need to be negligible, which, howev r, is the case for many reactions studied in
sur ace science ca aly i . Second, if there i more th n one TOF, e.g., n competitive oxidation, we can
only extract eith r only one, or a superposition of the TOFs fr m the PLIF signal of a singl species.
In these cases, we c uld repeat the xperim nt with PLIF probing of another molecule, or ideally,
modify the PLIF experiment such that ultiple species could be de ected simultaneously [36]. Using a
mod l for the s rfac kinetics could solve this problem because it would likely introduce a corre ation
betw en the differ nt TOFs. W want to clarify that the method employed to estima e the TOF nd
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the velocity parameters was more to demonstrate the suitability of the model and the relation of the
parameters to the properties of the experimental signal. For obtaining more accurate parameter values,
one would employ a simultaneous least square fit of all parameters. Lifting the linearity assumption
would allow us to obtain results in regimes, where we cannot assume the large excess of one species.
5. Summary and Outlook
We have presented the gas phase study of a Pd(100) single crystal during CO oxidation to
demonstrate the advantages of the combined approach of stagnation flow and PLIF, such as a highly
uniform gas phase composition across the sample and measurements that are not affected by interference
from the sides of the catalyst. Albeit not an ideal stagnation flow, the reactor can be analyzed using a
similar simple model. With the model, we can estimate the TOF of the catalyst surface and simulate
the gas concentration profiles at the surface, even without a kinetic model for the catalyst. This could
only be achieved due to the combination of a dedicated reactor geometry, PLIF, and modeling that can
exploit the spatially resolved gas phase information provided by PLIF.
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CO2 PLIF signal in a stagnation flow during temperature ramp-down (AVI)
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